T he majority of current university N fertilizer guidelines in the midwestern United States advise growers to use an alfalfa N credit (fertilizer N replacement value) of 112 to 168 kg ha -1 for fi rst-year corn regardless of tillage management, when ≥43 or 53 alfalfa plants m -2 are present at the time of alfalfa termination (Michigan, Ohio, Indiana, Vitosh et al., 1995; Wisconsin, Laboski et al., 2006; Nebraska, Shapiro et al., 2008; Illinois, Fernández et al., 2009; Minnesota, Kaiser et al., 2011) . Additionally, Missouri and Iowa N fertilizer guidelines for fi rst-year corn do not change for tillage (Killpack and Buchholz, 1993; Blackmer et al., 1997) . Th e basis for tillage considerations in some of these state N credit recommendations was research conducted nearly two decades ago. Direct comparisons between moldboard plow and no-tillage systems on mediumtextured (silt loam and loam) soils in Ohio, Ontario, and Pennsylvania resulted in similar alfalfa N credits for fi rst-year corn grain yield (Triplett et al., 1979; Levin et al., 1987; Afl akpui et al., 1993) . Wolkowski (1992) also found similar alfalfa N credits to fi rst-year corn grain yield with moldboard-, chisel-, and no-tillage systems on two silt loam soils in Wisconsin. In all four studies, the alfalfa N credit was the same across tillage systems, regardless of whether N fertilizer was required to maximize corn grain yield.
In contrast, current university guidelines from Kansas and South Dakota advise growers to reduce the alfalfa N credit to fi rst-year corn by one-half when no-tillage rather than a full-width tillage system is used to terminate alfalfa (Leikam et al., 2003; Gerwing and Gelderman, 2005) . It is reasonable to expect that the N credit would be lower under no-tillage because mineralization of organic matter can be delayed compared to tilled systems (Phillips et al., 1980; Kitur et al., 1984) . Th e disparate recommendations among neighboring states indicate that questions about tillage eff ects on alfalfa N credits are still relevant.
Current recommendations in midwestern U.S. states also advise growers to apply the same N credit whether fi rst-year corn is harvested as grain or silage. However, recent research on tilled soils in Minnesota suggests that fi rst-year silage corn can respond to higher rates of fertilizer N than corn harvested as grain (Yost et al., 2012) . In no-tillage systems, few studies have evaluated the response of fi rst-year corn grain yield to fertilizer N (only 17 [ Table 1 ] of more than 350 site-years of research on fi rst-year N credits [Yost et al., unpublished data, 2012] ). Even fewer (only 3 site-years) have measured silage yield and they (Rasse and Smucker, 1999; Meek et al., 1994) found no diff erence in the response of fi rst-year silage corn to fertilizer N between moldboard plow and no-tillage systems on a loam soil in Michigan and an irrigated silt loam soil in Idaho, respectively. Neither article reported grain yield. Additional research is needed to determine whether N fertilizer requirements for fi rst-year corn are diff erent for grain and silage yield in a no-tillage system.
More research also is needed to determine the validity of using the PSNT and BSNT for no-tillage corn following alfalfa. Th e PSNT (Magdoff et al., 1984) is one of the most reliable and widely used tests to predict in-season corn yield response to sidedressed N and was estimated to be used on 14% of the 25 million ha of corn in the North Central Region in 1999 (Kitchen et al., 2008) . Although this adoption estimate is outdated, it does suggest that a large number of growers do not use the PSNT, which may, in part, be related to the increase in no-tillage adoption and lack of data on the eff ectiveness of the test for no-tillage corn. Soil temperature between corn planting and PSNT sampling time is typically lower with no-tillage than full-width tillage systems (Al-Darby and Lowery, 1987; Cox et al., 1990; Smith et al., 1992) , and cooler soils may reduce the reliability of the PSNT (Magdoff , 1991; Rozas et al., 2000; Andraski and Bundy, 2002) . Th e PSNT has been evaluated in only 2 of the 17 site-years of research with fi rst-year, no-tillage corn harvested for grain (cited earlier), and PSNT concentrations were 27 mg NO 3 -N kg -1 at both locations, with one site (loam soil) responding to sidedressed N fertilizer, but not the other (silt loam soil; Bundy and Andraski, 1993; Morris et al., 1993) .
Th e BSNT is a postmortem test developed to indicate late-season availability of N to corn (Binford et al., 1992) and is used to guide grower's future N fertilizer applications, but acceptance of the test by growers is much lower than the PSNT (<1%) (Kitchen et al., 2008) . If the PSNT is less reliable for corn aft er alfalfa under no-tillage than full-width tillage management, the accuracy of the BSNT also may be aff ected because total corn N uptake can diff er among tillage systems. For example, in comparison with other full-width tillage systems, the total N uptake of no-tillage corn following alfalfa was 17 kg N ha -1 lower on an irrigated sandy loam soil in Minnesota (Moncrief et al., 1991) , 24 kg N ha -1 higher on a silt loam soil in Pennsylvania (Levin et al., 1987) , and the same in one site-year on silt loam soil in Pennsylvania (Levin et al., 1987) and two site-years on silt loam soils in Wisconsin (Wolkowski, 1992) . However, we are aware of no studies on fi rst-year, no-tillage corn that have evaluated the BSNT. Th e objectives of this study were to evaluate the response of fi rstyear corn grain and silage yield to fertilizer N in a no-tillage system, and to verify the accuracy of the PSNT and BSNT in identifying the need for supplemental N to optimize grain and silage yield in fi rst-year corn aft er alfalfa.
MATERIALS AND METHODS
On-farm experiments were established on medium-to fi netextured soils in autumn 2009 and 2010 on seven alfalfa fi elds spanning fi ve degrees of longitude across southern Minnesota and southwestern Wisconsin (Table 2) . Th e alfalfa fi elds were 2-to 7-yr old and all had fi nal alfalfa plant populations ≥43 plants m -2 (Table 3) . Final alfalfa plant populations were measured by removing alfalfa plants within three 0.67-m 2 quadrats at each location and counting crowns. Alfalfa was terminated by herbicide in autumn at Goodhue, Lakefi eld, and Okabena, and in early spring at the remaining four locations. At each location, the experimental design was a randomized complete block with four replications of fi ve or six N fertilizer treatments applied to fi rst-year corn at one location in 2010 and six locations in 2011. Broadcast NH 4 NO 3 was applied 1 to 2 wk aft er corn planting at rates of 0, 22, 45, 90, or 179 kg N ha -1 at all seven locations; a sixth treatment at the six locations in 2011 was a sidedress rate of 45 kg N ha -1 on plots that had received no N fertilizer shortly aft er planting. Sidedress N was banded midway between corn rows at the fourth to sixth leaf collar stage (Abendroth et al., 2011) by opening a 4-cm deep by 8-cm wide furrow with a wheel hoe, hand-applying NH 4 NO 3 in the furrow, and then closing the furrow with a rake. Individual plots (experimental units) were 4.7 m (six rows) wide by 7.5 m long. WI silt loam 4 43 0 § 9.8 † Establishment year was included in alfalfa stand age. ‡ Final plant populations were not measured in these studies. § These sites had a signifi cant response to fertilizer N, but the estimated EONR was zero at $1.19 kg -1 N and $182 Mg -1 grain. ¶ Maximum grain yield at 155 g kg -1 moisture. Maximum yield was the average across N rates when there was no response to fertilizer N. When fertilizer N was required to maximize yield, the maximum regression-predicted yield was used.
Cooperating growers planted and managed corn hybrids of appropriate relative maturity for their respective area (Table 3) using commercial fi eld-scale equipment. Corn was planted 5 cm deep in 76-cm rows on 23 Apr. 2010 and between 6 and 19 May 2011 at 81,500 to 89,100 seeds ha -1 . Cooperators applied pre-and post-emergence herbicides as needed to control weeds and applied starter fertilizer (≤22 kg N ha -1 ) at planting (Table 3) . Plot areas were fertilized as needed with broadcast CaH 4 P 2 O 8 and KCl 1 to 2 wk aft er corn planting at rates recommended for corn production in Minnesota (Kaiser et al., 2011) . At the same time, CaSO 4 ·2H 2 O was broadcast to supply 17 kg S ha -1 . None of the seven locations were irrigated. Precipitation and air temperature data were obtained from the National Weather Service station nearest each site (Table 4) and are included as background data.
Nitrate Tests and Corn Yield
Immediately before sidedress N application at six locations in 2011, six to eight soil cores (2 cm i.d. × 30 cm deep) were collected between 17 and 24 June to form a composite soil sample for each plot that would receive sidedress N following the PSNT methods of Magdoff et al. (1984) . Soil samples were dried in a forced-air oven at 35°C until constant mass, ground to pass a 2-mm sieve, extracted with 2 mol L -1 KCl, and analyzed for NO 3 -N concentration on a Lachat QuikChem 8000 (QuickChem Method 12-107-04-1-B, Lachat Instruments, Loveland, CO).
When corn had reached physiological maturity, corn ears were hand harvested from 3 m of row near the center of each plot. Th is sample size of 3 m of row was adequate for detecting treatment diff erences in earlier work (Yost et al., 2012) , and was adequate in this experiment, based on an average coeffi cient of variation of 8% at six locations and 13% at Goodhue. Corn ears were dried at 60°C until constant mass, shelled, and weighed. Grain yield was adjusted to 155 g kg -1 moisture and cob yield was expressed as dry matter. Corn stover was not harvested at three of the seven locations due to time constraints and confl icting grower harvest schedules. At the other locations, corn stover was cut about 15 cm above the soil surface from the same plants that were harvested for grain, and was weighed, chipped, and subsampled (about 1.5 kg) in the fi eld. Stover subsamples were weighed wet, dried at 60°C until constant mass, and weighed again to determine stover moisture and allow calculation of stover dry matter yield. Corn grain, cob, and stover dry matter yield were combined to calculate corn silage yield, which was expressed at 650 g kg -1 moisture.
Following the BSNT methods of Binford et al. (1992) , basal stalk samples were collected from 10 plants at the time of grain harvest (fi rst 2 wk of October). Stalk samples were dried at 60°C until constant mass, ground to pass a 1-mm sieve, extracted for 10 min with distilled water, fi ltered using Whatman no. 2 fi lter paper, and the fi ltrate was analyzed for NO 3 -N by automated fl ow injection analysis on a Lachat QuikChem 8000 (QuickChem Method 13-107-04-1-B).
Data Analysis
Data were analyzed using the MIXED procedure of SAS (SAS Institute, 2006) at P ≤ 0.05 with fertilizer N treatments as a fi xed eff ect and location and block (nested within location) as random eff ects. Th e UNIVARIATE procedure of SAS was Okabena was fi rst-year corn in 2010, whereas the remaining locations were fi rst-year corn in 2011. ‡ Soil pH, Bray-1 P (pH ≤ 7.2) or Olsen P (pH > 7.2), ammonium-acetate exchangeable K, and calcium-chloride SO 4 -S are for the surface 15 cm. Sulfur data from Okabena were not available. used to inspect residuals for normality and scatterplots of residuals vs. predicted values were used to assess homogeneity of variance (Kutner et al., 2004) . Th e two-tailed log-likelihood ratio test was used to determine the signifi cance of the location × N interaction. Th e BSNT data did not meet the assumptions of normality and homogeneous variance, and were therefore subjected to a square root transformation before data analysis. Regression analysis was used to describe the response of BSNT to fertilizer N applied shortly aft er planting. Several regression models were evaluated using the MIXED procedure of SAS and the model that was signifi cant at P ≤ 0.05 and produced the smallest residuals that were normally and randomly distributed was selected (Kutner et al., 2004) . Parameter estimates and least squares means for the BSNT were back-transformed before their inclusion in this manuscript. Th e estimated economically optimum nitrogen rates (EONR) reported for grain and silage yield were determined by setting the fi rst derivative of quadratic regression models to the N fertilizer cost/corn price ratio and assuming average urea fertilizer and corn grain and silage prices for 2009 to 2011 ($1.19 kg -1 N, $182 Mg -1 grain and $39 Mg -1 silage; USDA-ERS, 2011; Center for Farm Financial Management, 2011).
RESULTS AND DISCUSSION
Weather conditions during the corn growing season varied among the 7 site-years. Precipitation totals during the 2010 corn growing season at Okabena were near the 30-yr average in April, 47 mm below average in May, 68 to 82 mm above average in June and July, near average in August, and much wetter than average in September (Table 4) . Monthly average air temperatures in 2010 were much warmer (3.8°C) than normal in April, near average from May through July, 2.1°C above average in August, and near average in September. In general, the 2011 corn growing season across the four locations in Minnesota was cool (0.8°C below average) in the early spring, hot (2.9°C above average) and wet (82 mm above average) in the mid-summer, and dry (73 mm below average) in the early fall. Th e growing season at the two Wisconsin sites was similar to Minnesota sites except that July was drier (-34 mm) than normal and September was wetter (45 mm) than normal. Th e early growing season (April through May) across all six locations in 2011 had near normal precipitation totals, but the cooler than average air temperatures (-1.3°C) at fi ve of the six sites suggests that early-season N mineralization may have been slower than usual.
Corn Yield Response to Fertilizer Nitrogen
Corn grain yield ranged from 13.9 to 15.3 Mg ha -1 at the seven locations where no-tillage corn was planted as the fi rst crop aft er alfalfa (Table 5) . Th e mean yield obtained in this experiment (14.6 Mg ha -1 ) was 18% higher than the maximum yield of 17 site-years of no-tillage corn following alfalfa reported in the North American literature (Table 1 ). Even at these high yield levels, N fertilizer applied shortly aft er planting did not increase grain (P = 0.35) (Fig. 1 ) or cob yield (P = 0.48). According to the two-tailed log-likelihood ratio test, the lack of grain and cob yield (-14) 118 (4) 197 (84) response to fertilizer N was consistent among locations (P ≥ 0.95). Similarly, sidedressed N did not increase corn grain (P = 0.73) or cob yield (P = 0.27) compared to the control plots with no fertilizer N across six locations where it was measured. Th e lack of grain yield response to fertilizer N ( Fig. 1 ) in our study is consistent with literature data from 10 of 17 site-years under no-tillage management (Table 1) . Th e estimated EONR at the remaining seven site-years of published data was large for three site-years (≥93 and 117 kg N ha -1 for two site-years on irrigated coarse-textured soils in Minnesota and 105 kg N ha -1 for one medium-textured site-year in Ohio), but was estimated as zero at the remaining 4 site-years in Iowa, Pennsylvania, and Wisconsin at current prices even though they reported a signifi cant response to fertilizer N (Table 1) . At the three sites in the literature where the EONR could be determined, the response of grain yield at the EONR averaged 2.4 Mg ha -1 (a 29% average increase). Considered together, our data and published data on fi rst-year no-tillage corn following alfalfa harvested for grain indicate that an N response occurred about 29% of the time (7 of 24 site-years). Nearly the same probability (32%) existed for fertilizer N response in 335 site-years of this rotation under full-width tillage (Yost et al., unpublished results, 2012) , suggesting that the likelihood of fertilizer N response in fi rst-year corn is similar across tillage systems.
---------------------Precipitation, mm ----------------------
Corn silage yield ranged from 52.5 to 75.4 Mg ha -1 across four locations in 2011 where it was measured (Table 5) , but fertilizer N was not needed to maximize silage (P = 0.79) (Fig. 1) or stover yield (P = 0.89) across these four locations. According to the two-tailed log-likelihood ratio test, the lack of stover and silage yield response to fertilizer N was consistent among locations (P ≥ 0.24). Delaying N fertilizer application until sidedressing did not increase corn silage (P = 0.11) or stover yield (P = 0.44) compared to the nonfertilized control plots across four locations in 2011. Th ese data indicate that alfalfa may provide the entire N requirement for fi rst-year, no-tillage silage corn. In contrast, silage yield increased by 12 Mg ha -1 at 1 of 2 site-years on medium-textured soil in Michigan (Rasse and Smucker, 1999) and by 6 Mg ha -1 on an irrigated silt loam soil in Idaho (Meek et al., 1994) . Th e EONR for corn silage in Idaho was ≤82 kg N ha -1 (only three N rates were used), but the EONR for the Michigan site could not be determined because only two N rates were used. Th e combined results of our study and these two studies in the literature suggest that supplemental N is oft en not needed for no-tillage silage corn following alfalfa, but this conclusion should be tested at more site-years.
Reliability of the Presidedress Soil Nitrate Test and Basal Stalk Nitrate Test
Soil NO 3 -N concentration in PSNT samples collected from plots that would receive only sidedressed N was ≤18 mg kg -1 at the six locations in 2011 (Table 5) , below the range of critical PSNT concentrations identifi ed for the midwestern and North Central United States (19-30 mg kg -1 ) (Bast et al., 2012) , and yet sidedressed N did not increase corn yield. Th us, the PSNT failed to identify the adequacy of soil N, suggesting that the critical PSNT concentration may need to be lower for no-tillage corn following alfalfa. Given the lack of N response at PSNT levels as low as 8 mg kg -1 , it also may be that the PSNT is not reliable in this no-tillage rotation.
Th e poor predictability of the PSNT in this study may be related to early-season weather conditions. On tilled soils in Wisconsin, the accuracy of the PSNT was related to May through June air temperatures across 101 site-years of corn: 21 site-years of fi rst-year corn following alfalfa and 80 site-years of corn with recent (1-3 yr) organic N inputs. Th e accuracy of the PSNT in predicting N applications within 34 kg N ha -1 of the EONR improved from 37 to 76% when average air temperature rose from below average (>0.56°C below the 30-yr average ) to near average or above (Andraski and Bundy, 2002) . Additionally, air temperatures below average resulted in 43% more cases of over-application of N fertilizer (>34 kg N ha -1 of the EONR) compared to cases with average or above-average temperatures. Based on the classifi cation of Andraski and Bundy (2002) , Goodhue and Lake City had average or above-average air temperatures, whereas the remaining four locations with the sidedress treatment had below-average temperatures (Table 4) . Th us, below-average air temperatures in May through June may have contributed to the inaccuracy of the PSNT at predicting corn yield response to sidedressed N at four of the six nonresponsive sites. Andraski and Bundy (2002) found that early-season precipitation did not aff ect the accuracy of the PSNT for corn with recent organic N inputs in Wisconsin. In contrast, current Iowa recommendations suggest that the critical PSNT concentration should be lowered from 25 to 16 mg NO 3 -N kg -1 when precipitation totals in May exceed the 30-yr average by 127 mm (Blackmer et al., 1997) . None of the sites in our study received more than 74 mm above the 30-yr average , indicating that Iowa's lower critical level would not have applied to these site-years. Th e data from our 6 site-years in 2011 indicate that current critical PSNT concentrations may need to be lower for no-tillage corn following alfalfa, but do not provide evidence for establishing a new PSNT threshold.
Average BSNT concentration in the nonfertilized corn plots ranged from 250 to 1660 mg NO 3 -N kg -1 (Table 5 ). According to Iowa recommendations (Blackmer and Mallarino, 1996) , fi ve of our seven locations had BSNT concentrations in the optimum (>700 and <2000 mg NO 3 -N kg -1 ) or excessive range (>2000 mg NO 3 -N kg -1 ), whereas Norwalk and Lakefi eld had BSNT concentrations in the marginal range (>250 and <700 mg NO 3 -N kg -1 ). September precipitation totals at the fi ve Minnesota sites in 2011 were 64 mm below the 30-yr average, whereas the two Wisconsin locations (Cashton and Norwalk) and the 2010 Minnesota site had 64 and 188 mm of precipitation above the 30-yr average, respectively (Table 4) . When drought or excess precipitation occurs near the end of the growing season, BSNT concentrations can be infl ated or defl ated, respectively (Bundy and Andraski, 1996) . Th us, the mean BSNT concentration at Lakefi eld (570 mg NO 3 -N kg -1 ) may have been infl ated and the mean BSNT concentration at Norwalk (250 mg NO 3 -N kg -1 ) may have been defl ated (Table 5) in comparison to years with normal end-of-season precipitation.
Th e lack of yield response to supplemental N at the two locations in 2011 with marginal BSNT concentrations raises questions about the use of this test for no-tillage corn following alfalfa, and suggests that critical levels may be lower for this rotation and tillage system. However, this conclusion should be tested directly among tillage systems and across more growing conditions that include sites that respond to fertilizer N. Across locations, fertilizer N rate increased BSNT concentration to 5340 mg NO 3 -N kg -1 when 179 kg N ha -1 was applied shortly aft er planting (P < 0.001; Fig. 2 ). Under chisel plow tillage, BSNT in fi rst-year corn aft er alfalfa exhibited a similar plateau response (6070 mg kg -1 ) in 4 site-years in which grain yield did not respond to fertilizer N (Yost et al., 2012) .
CONCLUSIONS
Th is research on N response of fi rst-year corn aft er alfalfa under no-tillage adds substantially to the mere 17 site-years in the literature on corn grain and the 3 site-years of fi rst-year no-tillage silage corn, and it demonstrates that high-yielding no-tillage corn planted aft er a good stand of alfalfa required no additional N to maximize fi rst-year corn grain or silage yield. Th is lack of corn grain yield response was consistent across 7 site-years with a range of precipitation and air temperature levels (fi ve sites had cooler than normal air temperatures in the spring), medium-to fi ne-textured soils, and 2-to 7-yr-old alfalfa stands. Th is supports previous research on alfalfa N credits to fi rst-year corn from locations with full-width tillage and suggests that N credit recommendations in the U.S. Corn Belt do not need to be altered for tillage system when fi rst-year grain or silage corn is grown aft er alfalfa. Th e most widely accepted critical PSNT concentration (21 mg NO 3 -N kg -1 ) was unsuccessful at identifying the lack of corn yield response to supplemental N across six locations in 2011. Based on the published critical concentration of 700 mg NO 3 -N kg -1 , the BSNT correctly identifi ed the N suffi ciency at fi ve of seven locations, but not at two others. Critical concentrations for these two tests may need to be lower for fi rst-year no-tillage corn following alfalfa to accurately refl ect the need for supplemental N. Blackmer, A.M., and A.P. Mallarino. 1996 
